In green fluorescent protein (GFP), chromophore biosynthesis is initiated by a spontaneous main-chain condensation reaction. Nucleophilic addition of the Gly67 amide nitrogen to the Ser65 carbonyl carbon is catayzed by the protein fold, and leads to a heterocyclic intermediate. To investigate this mechanism, we substituted the highly conserved residues Arg96 and Glu222 in EGFP (enhanced GFP).
INTRODUCTION
Green fluorescent protein (GFP) 1 and its homologues constitute a family of small, compact 11-stranded β-barrel proteins that generate their own fluorophore in an autocatalytic fashion (1) (2) (3) . Due to their bright colors ranging from cyan to green to red (4) (5) (6) , these proteins are used extensively as research tools in molecular and cell biology (3, 7) . The various colors originate from a fluorescent entity generated in the protein's interior by the spontaneous covalent modification of three amino acid residues that are part of the protein's polypeptide chain. Chromophore formation follows protein folding, and is initiated by a main-chain condensation reaction, generating a five-membered heterocycle from the backbone atoms of the original polypeptide chain (Ser65, Tyr66 and Gly67 in wildtype GFP) (8,9) (Scheme 1).
Recent X-ray structures of GFP variants (10, 11) have confirmed that peptide cyclization is the first chemical step in chromophore formation, as originally proposed (8) , and is responsible for triggering a series of downstream processing events that include air oxidation. Among all GFP-like proteins (7) , GFP itself comprises the simplest system with the least number of chemical steps leading to the mature chromophore, and the mechanism has generally been written as a cyclizationdehydration-oxidation reaction (Scheme 1, Mechanism A) (8) . Based on the X-ray structure of Y66L (12) , we have recently proposed a modified mechanism consisting of the sequence cyclization-oxidation-dehydration (Scheme 1, Mechanism B), in accord with oxidative stabilization of the cyclic tetrahedral intermediate. It is possible that both pathway A and B occur in GFP maturation, and that the relative rates of the individual steps are altered by the mutant forms.
In many GFP variants, the optical properties of the mature chromophore are pH-dependent. Absorbance around 400 nm excites the neutral chromophore, and absorbance around 480 nm excites the chromophore anion in which the phenolic end is deprotonated (3) (Scheme 1). At physiological pH, EGFP (enhanced green fluorescent protein GFP-F64L/S65T (13) ) is brighter than wild-type GFP due to a predominantly anionic chromophore similar to GFP-S65T, in which the chromophore titrates with a pK a of 6.0 (14) .
(insert Scheme 1 here)
The kinetics of de novo chromophore formation has been determined by monitoring the rate of fluorescence acquisition. The GFP-S65T maturation process, inclusive of protein folding and the ensuing chemical steps, has been shown to proceed in vitro with a time constant of 122 min (15) . In this experiment, maturation was induced by rapid dilution of ureasolubilized inclusion bodies at room temperature. De novo protein folding was monitored independently by a trypsin resistance assay, and was estimated to proceed with a time constant of 14 min (t ½ ~ 10 min).
In a different type of experiment, E. coli cultures expressing GFP were grown anaerobically and the protein was allowed to mature for three days in the absence of oxygen. Upon admission of air to the cells, the time course of subsequent acquisition of green fluorescence gave a time constant of 120 min for wild-type GFP and 27 min for GFP-S65T (9, 16) . These data are consistent with air oxidation as the rate-determining step in the overall maturation process (3) (Scheme 1).
Two residues in the immediate environment of the GFP chromophore are highly conserved, Arg96 and Glu222 (4) . Proposed functions for these residues range from electrostatic, steric and catalytic roles to contributions to protein folding and stability (3, 17) . Neither Arg96 nor Glu222 are absolutely necessary for chromophore biosynthesis (18) . For example, GFP variants reported to exhibit altered spectral properties include the E222G mutant (19) and the R96C mutant (3). More recently, substitution of Arg96 with an alanine was shown to result in extremely slow chromophore maturation, on the order of two months at 30°C (10) . The hydrogen bond of the carbonyl oxygen of Tyr66 to the guanidinium group of Arg96 appears to aid in the cyclization reaction, and two similar mechanisms for catalysis by Arg96 have been put forth. These emphasize polarization of the peptide bond between residues 66 and 67 (10) , or suggest a proton transfer from the guanidinium group to the carbonyl oxygen of Tyr66 (20) . Both processes would increase the nucleophilic reactivity of the amide nitrogen of Gly67 to facilitate addition to the carbonyl carbon of residue 65 (Scheme 1).
Here, we investigate the function of the buried and highly conserved residues Arg96 and Glu222 in chromophore biosynthesis. As our parent clone, we chose EGFP, the enhanced green fluorescent protein originally selected based on its brightness (13) . Observed rate constants and extracted pK a values for chromophore formation in R96M and E222Q are in accord with a peptide cyclization reaction that partitions through an amide anion or an α-enolate species. Delineating the structural and catalytic requirements for efficient chromophore biosynthesis will be essential in the prediction of similar crosslinking chemistries in unrelated proteins.
Chromophore formation kinetics of R96M and E222Q.
The R96M variant was purified following the standard two-day procedure since chromophore formation is not observed during this time. However, the E222Q variant was purified by a rapid two-hour procedure (21) to prepare protein primarily in the precursor state at the onset of kinetic experiments. Briefly, 250-ml E. coli cultures were induced for 2 hours, the cells were disrupted with lysozyme, and the protein was purified via Ni-NTA at 4ºC. PD-10 Sephadex columns (Pharmacia) were used to buffer-exchange the protein into 20 mM HEPES pH 7.0, 300 mM NaCl, 1mM EDTA at 4ºC. Purified protein was immediately flash frozen and stored at -80ºC. The extent of chromophore maturation was determined after base denaturation (see below).
The rate of chromophore formation was monitored as a function of pH by determining the increase in visible absorbance with time. Experiments were initiated by 10-fold dilution of the protein into 20 mM buffer (PIPES, HEPES, CHES or CAPS), 300 mM NaCl and 1 mM EDTA. The maturation rate for each variant was monitored at pH 6.0, 7.0, 8.0, 9.0, 9.5 and 10.0 over a period of 10 hours (E222Q, 0.1 mg/ml) or two months (R96M, 0.5 mg/ml) at 30ºC by incubation in a temperature-controlled chamber. The increase in absorbance of the chromophore anion (483 nm for E222Q) was plotted as a function of time and computer-fitted to a unimolecular reaction rate equation, equation 1, using Kaleidagraph (A = A max -e (-kt) • A max ). In this equation, A = change in absorbance; A max = maximum absorbance for complete maturation; k = k obs = observed rate constant; t = time. Direct monitoring of R96M chromophore formation via native-state absorbance at 384 nm (neutral state of the chromophore) was not feasible due to slow chromophore formation.
Consequently, the percent chromophore was determined at each time point after base-denaturation (see below). The extracted pseudo-first order rate constants were plotted as a function of pH, and the data were computer-fitted to a rate expression for a base-catalyzed reaction with a rapid preliminary equilibrium to form the conjugate base of an ionizable group, according to equation
, where k 1 is the pHindependent rate constant and K a is the proton dissociation constant. Determination of percent chromophore via base denaturation. The concentration of purified protein was determined using the Advanced Protein Assay (Cytoskeleton, Inc., Denver, CO). An aliquot of the protein was then diluted 10-fold into 0.2 M NaOH and the optical density at 448 nm (chromophore anion absorbance in the denatured state) was determined (22, 23) . For EGFP, the extinction coefficient in our preparations was calculated to be ε 448 = 33,500 (± 800, n = 5), somewhat below the literature values of ε 448 = 44,000 for wild-type GFP (22) and ε 425 = 41,000 for a synthetic model compound (24) . For each experiment, chromophore concentrations were determined in triplicate and compared to the protein concentration.
Maturation kinetics of EGFP prepared from inclusion bodies. Inclusion bodies of EGFP were prepared and washed as described (12) , then suspended in 50 mM Tris pH 7.9, 500 mM NaCl and 20 mM EDTA, quick-frozen in liquid nitrogen and stored at -80ºC. Aliquots were thawed and centrifuged for 15 minutes at 20,800 RCF. The pellet was solubilized in 2 ml urea-buffer (50 mM HEPES pH 7.9, 50 mM NaCl, 1mM DTT and 8 M urea), the solution was clarified by centrifugation at 20,800 RCF for 15 minutes, loaded onto a Ni-NTA affinity column (Qiagen), and washed with 50 mM HEPES pH 7.9, 50 mM NaCl, 8 M urea and 20 mM imidazole. Denatured EGFP was subsequently eluted by addition of 100 mM imidazole to the wash buffer, and incubated with 10 mM TCEP (tris-2-carboxyethyl phosphine) for 10 min to allow for the reduction of disulfide bonds. Protein folding was induced by rapid dilution. 45 µl of urea-solubilized EGFP was added to 860 µl vigorously stirring folding buffer (333 mM NaCl, 1.1 mM EDTA, 1.1 mM TCEP and 11 mM CHES pH 9.0) while maintaining the temperature at 30ºC by a circulating water bath. In some experiments, the pH was adjusted after 10 min by addition of 200 µl 500 mM buffer (PIPES pH 6.0, HEPES pH 7.0 or 8.0, CHES pH 9.0, or CAPS pH 10). 100 µl aliquots were removed from the reaction at various time points and spin-filtered though a 0.1 µm centrifugal filter device (Millipore). Absorbance scans of the filtrate were collected from 600 nm to 240 nm, and the change in absorbance at 489 nm (native-state chromophore anion) was fitted to a unimolecular rate equation (equation 1, see above).
Trypsinolysis and peptide purification.
Proteolysis of EGFP and its variants was carried out according to the following protocol: 80 µg protein was denatured for 30 seconds in 200 µl 6 M urea at 95ºC. The solution was cooled rapidly to 30ºC, and 800 µl digest buffer containing trypsin was added immediately. Digest buffer consisted of 50 mM HEPES pH 8.0, 300 mM NaCl and 20 mM CaCl 2 . Trypsin (Sigma T-1426, TCPK treated bovine) was added to the buffer immediately before use in a 1:2 (w:w) trypsin:GFP ratio. The digest was incubated for 3 min at 30ºC, DTT was added to a final concentration of 10 mM, and the sample was incubated for 2 min at room temperature. Tryptic peptides were separated by reversephase HPLC (Waters 600 HPLC system equipped with a Waters 996 photodiode array detector) on a C18 analytical column (Vydac) using a water/acetonitrile gradient containing 0.05% trifluoroacetic acid. Peptide elution was monitored by absorbance at 220, 280, and 380 nm.
Collected fractions were lyophilized immediately.
MALDI mass spectrometry. Lyophilized peptides were resolubilized in 20 µl 50% acetonitrile, 50% water, 0.1% trifluoroacetic acid. One µl peptide solution was mixed with 2 µl of a saturated solution of α-cyano-4-hydroxycinnamic acid matrix dissolved in the same solvent system. One µl of this preparation was dried on a stainless steel sample plate for data acquisition. Data were obtained using a Voyager DE STR mass spectrometer equipped with a nitrogen laser that produced 337 nm pulses of 3 ns duration, with a repetition rate of 20 Hz. Mass spectra were acquired in the positive ion mode using delayed extraction and the reflectron mode. Each mass spectrum was the average of at least 100 laser shots. Calibration was performed using CalMix 2 (Applied Biosystems) as an external standard, which consists of a mixture of polypeptides ranging in mass from 1,296 to 3,658 Da. Monoisotopic masses obtained for the calibration peptides were accurate to within 0.1 Da over the mass range examined. For every EGFP variant assayed, all major 220 nmabsorbing HPLC peaks were subjected to MALDI mass spectrometry. Reported masses are those that correlate with theoretically possible tryptic peptides containing residues 65-67 ( Table 2 ). The peptide identity was verified by N-terminal amino acid sequencing.
RESULTS
The highly conserved residues Arg96 and Glu222 are buried in the protein's interior in close vicinity to the heterocyclic end of the chromophore. To examine the role of these residues in catalyzing chromophore biosynthesis, we have carried out sitedirected mutagenesis to generate the singlesubstitution variants R96M and E222Q relative to EGFP. Each of these variants exhibits the two characteristic UV/Vis absorbance bands associated with the mature GFP chromophore ( Figure 1A ). The maximum around 400 nm is attributed to the neutral form of the chromophore, and the maximum around 480 nm is attributed to the anionic form (Scheme 1) (3, 14, 25) . The chromophore pK a value in EGFP has been reported to be 6.0 (3), whereas the pK a values for E222Q and R96M were estimated from the absorbance scans to be approximately 5 and 8. Expression of R96M and E222Q yielded large quantities of highly soluble protein that acquired green color more slowly than the EGFP parent clone, allowing for kinetic measurement of chromophore biogenesis in the folded state of the protein. To a first approximation, the kinetic constants reported for these variants refer to the chemical self-modification steps that follow spontaneously upon attainment of the correct threedimensional structure (Table 1) .
The rate of E222Q chromophore biosynthesis appears to depend on the charge state of the Tyr66-Gly67 peptide bond. To prepare E222Q precursor protein for kinetic experiments, a rapid protein expression and purification procedure was employed (21) that yielded protein pools in which only 24% to 28% of the population contained the mature chromophore.
Aliquots were diluted into appropriate buffers between pH 6 and 10 and incubated at 30ºC. The increase in the 483-nm absorbance band was monitored with time, and the pseudo-first order time constant τ was extracted from a curve-fit of the data to a first-order rate equation, equation 1 ( Figure 1B) .
Each kinetic run was carried out in triplicate using independently prepared protein pools ( Table 1) . The results indicate significant base catalysis of chromophore formation in E222Q, with τ ranging from 183 (± 138) hours at pH 6 to 0.302 (± 0.057) hours at pH 10, a 600-fold rate enhancement. At pH 7.0, the time constant was 32.4 hours and at pH 8, the time constant was 7.4 hours, considerably slower than the one-hour maturation time determined for EGFP (see below)
. Surprisingly, at pH 9.5 and 10, the time constant for chromophore formation is at least three-fold faster than in EGFP at the same pH.
(insert Figure 1 here) (insert Table 1 here )
This result indicates that the rate reduction in E222Q observed at physiological pH can be compensated for entirely by basic buffer conditions. The observed rate constant k obs increases steeply with high pH but begins to level off around pH 9 ( Figure 2 ), suggesting titration of a specific protein group. For this reason, the pH-rate profile was fitted to a kinetic expression describing a base-catalyzed reaction with a rapid preliminary equilibrium to form the conjugate base of an ionizable group with dissociation constant K a (equation 2).
Computer curve fitting gave an apparent pK a of 9.20 (-0.20 and +0.37 std. dev.) for the ionizable group(s), and a k 1 = 4.20 (± 0.73) hr -1 for the pH-independent pseudo-first order rate constant for chromophore synthesis. We assign the extracted pK a value to the amide nitrogen of Gly67, the nucleophile responsible for the cycloaddition reaction (Scheme 1). Based on GFP X-ray structures (1), this amide nitrogen is a likely candidate for a titratable goup intimately involved in ring formation. Its pK a is evidently depressed due to hydrogen bonding of the amide oxygen with the Arg96 guanidinium group. According to this interpretation, the observed rate of chromophore formation in E222Q is proportional to the Tyr66-Gly67 amide anion concentration, which in turn is a function of solution pH.
The rate of R96M chromophore biosynthesis appears to depend on the charge state of Glu222. To monitor the rate of chromophore biosynthesis in R96M, immature protein was incubated at 30ºC in pH 6 to 10 buffers. Due to the protein's elevated chromophore pK a (~8) and extremely slow maturation rate, native-state absorbance in the visible range remained weak over the entire two-month incubation period. For this reason, aliquots of R96M were base-denatured at each timepoint, and the chromophore content was determined by absorbance at 448 nm (22) . After two months, only 10-30% of total protein contained the mature chromophore. For each pH, the percent chromophore as a function of time was fitted to a first-order kinetic expression (equation 1, Figure  1C ). The pseudo-first order time constant τ derived from the curve fits ranged from 481 days at pH 6.0 to 180 days at pH 10.0, a 2.7-fold rate enhancement ( Table 1 ). The plot of observed rate constants k obs vs. pH exhibits a large jump between pH 6 and 7, then levels off at higher pH (Figure 2) , indicating a base-catalyzed reaction with a preliminary equilibrium to form the conjugate base of an ionizable group. Fitting of the data to equation 2 leads to an apparent pK a of 6.47 (-0.19 and + 0.36 std. dev.) for the titrating group(s), and a k 1 of 0.00521 (± 0.00040) day -1 . We assign the pK a value of 6.5 to the Glu222 carboxylic acid, since this group is the only basic group located in close proximity to the reacting atoms.
A likely explanation for the elevated pK a is the buried position and the lack of electrostatic interactions with Arg96, which has been replaced in R96M.
(insert Figure 2 here )
The maturation rate of EGFP derived from inclusion bodies is not pH-dependent. A correctly folded yet immature EGFP pool is difficult to generate, since EGFP is a fast-maturing variant in which chromophore formation proceeds rapidly after protein folding. For this reason, we used denatured EGFP prepared from inclusion bodies as starting material for kinetic studies. Inclusion bodies were solubilized in 8 M urea and purified by Ni-affinity chromatography in 8 M urea (12) . Protein folding was induced by rapid dilution with folding buffer under aerobic conditions at 30ºC (15) . Upon induction of folding, about 30% of total starting material yielded correctly folded protein bearing a green-fluorescent chromophore. Another 15% was able to reach some kind of soluble state, but did not yield a chromophore even after prolonged incubation.
Roughly 55% was lost due to aggregation and precipitation (Hetal N. Patel, unpublished observations). At various timepoints, samples were filtered to remove aggregates, and the rate of chromophore formation was monitored by absorbance at 489 nm. The increase in optical density with time was fitted to a firstorder rate expression (equation 1, Figure 1D ), and extracted time constants τ at pH 7.0, 8.0, 9.0 and 10.0 were determined to be one hour (0.958 ± 0.132 hr at pH 8.0), essentially pHindependent within experimental error (Table 1) . At pH 6.0, maturation was not observed due to extensive protein aggregation, likely because this pH is close to the GFP isoelectric point.
To exclude the possibility that early folding events at an unfavorable pH would affect the observed rate of chromophore synthesis, a pHjump experiment was carried out. In this experiment, urea-denatured protein was first diluted into pH 9.0 folding buffer, which gives the best overall yield of mature protein. The folding reaction was allowed to proceed for 10 min (estimated t ½ for de novo folding) (15) . The pH was then adjusted to span the entire range from 6.0 to 10.0, and the increase in optical density at 489 nm was monitored. Within error, the unimolecular rate constants determined after the pH jump were identical to the rate constants determined without intermittent pH adjustment. Hence, data from both types of experiments were averaged, and kinetic constants listed in Table 1 are derived from three or four independent experiments. Strikingly, a dependence on basic buffer conditions was not observed in EGFP maturation, suggesting that Glu222 may be entirely deprotonated at the onset of chromophore formation.
Peptide masses derived from R96M and E222Q are consistent with accumulation of the pre-cyclization state. To characterize the nature of the chemical steps that limit the maturation rates of R96M and E222Q, we determined the masses of proteolytic peptides originating from long-lived precursor or intermediate states. We argued that some type of immature species must accumulate during the maturation process, since in both variants, the rate of chromophore synthesis is significantly reduced at physiological pH (Table 1) . Proteins were digested with trypsin, and peptides were separated by reverse-phase HPLC and analyzed by MALDI mass spectrometry. Peptides containing the chromophore-forming residues 65-67 eluted at about 50% acetonitrile and ranged from 21 to 28 residues in length, as verified by N-terminal amino acid sequencing. The monoisotopic masses of principle peaks obtained from the MALDI spectra are tabulated in Table 2 , in conjunction with the theoretical (calculated) masses and the amino acid sequences.
(insert Table 3 here) Overall, two categories of peptides were observed ( Table 2) .
The first category consisted of unmodified peptides, as indicated by the absence of any mass change compared to the monoisotopic mass calculated from the amino acid sequence (maximum error estimate is ± 0.4 Da). This category was observed in digests of immature EGFP derived from inclusion bodies, in digests of E222Q, and in digests of R96M. The second category consisted of peptides bearing a mature chromophore, as indicated by a mass loss of 20 Da. This category was observed in peptides derived from mature EGFP and from partially mature E222Q (~30% and ~ 90% maturation). Although in R96M, the majority of masses were those of immature peptides, one set of MALDI peaks was consistent with the sodium adduct of the mature species (-20 + 22 Da).
Our ability to detect long-lived intermediate species using mass spectral analysis of proteolytic fragments was tested by subjecting the colorless Y66L variant (12) to the same analysis. Principal peaks in the mass spectra of digested Y66L gave a mass loss of 2 Da for peptides containing the chromophore-forming residues (Table 2, Control). These data are consistent with the cyclized and oxidized hydration adduct (tetrahedral intermediate) observed in the X-ray structure of this variant (12) . In R96M and E222Q, MALDI peaks consistent with either air oxidation alone (-2 Da) or elimination of water alone (-18 Da) were not observed (Scheme 1). The data suggest that the pre-cyclization form accumulates during the process of chromophore formation, in accord with backbone condensation as the rate-determining process. Consequently, we interpret the observed base catalysis of chromophore formation (Figure 2 ) in R96M and E222Q primarily as base catalysis of the nucleophilic cyclo-addition reaction (Scheme 2).
(insert Scheme 2 here)
DISCUSSION
Nucleophilic addition of the amide nitrogen of Gly67 to the carbonyl carbon of Ser65 is the first chemical step in a three-step process that leads to the mature chromophore (Scheme 1). In this paper, we present kinetic data on GFP chromophore formation in mutants where the catalytic residues Arg96 and Glu222 have been replaced. We find that the rate of chromophore synthesis is greatly reduced in the R96M variant, as previously reported for R96A (10) . In the E222Q variant, however, the rate is somewhat attenuated at physiological pH, but is accelerated several-fold above pH 9. Mass spectrometric results provide evidence for accumulation of the pre-cyclization state, in accord with reported precursor X-ray structures of R96A (10) . Therefore, main-chain cyclization appears to be part of the rate-limiting process in both R96M and E222Q, and the pH-rate profiles obtained for these variants are interpreted in terms of selfcatalysis of ring closure by the protein fold. The data presented support a catalytic mechanism in which the carboxylate of Glu222 plays the role of a general base and the guanidinium group of Arg96 plays the role of an electrophile in facilitating the cyclo-addition reaction (Scheme 2).
Nucleophilic reactivity of the Gly67 amide nitrogen. The Gly67 amide nitrogen must be activated towards nucleophilic addition to the carbonyl carbon of residue 65. The simplest model is that the nitrogen is deprotonated to generate the highly reactive amide anion (Scheme 2, N-deprotonation), though proton abstraction may also occur at the Tyr66 α-carbon (Scheme 2, C α -deprotonation). Both protons are acidified by hydrogen bonding of the Tyr66 carbonyl oxygen to the guanidinium group of Arg96, and deprotonation of either group would increase the nucleophilic reactivity of the Gly67 amide nitrogen. C α -deprotonation would lead to the formation of an α-enolate stabilized by Arg96. The α-enolic species is thought to be an important factor in facilitating the subsequent oxidation reaction (12) . Therefore, α-enolization could play a role in catalyzing the cyclization reaction itself, or it could be essential in trapping the cyclized intermediate via ring oxidation.
Energetics of N-deprotonation vs. C α -deprotonation. pK a estimates for the respective groups suggest that N-deprotonation should be more facile than C α -deprotonation. For example, in acetamide the proton dissociation constant of the amide nitrogen has been reported to be 15.1 (26) . Strikingly, the pK a of the O-protonated cation of acetamide has been estimated to be 7 for Ndeprotonation (27,28). In the GFP chromophore pocket, hydrogen bonding of the amide oxygen to Arg96 would have a qualitatively similar effect in lowering the nitrogen pK a , maybe not quite as dramatic due to incomplete proton transfer from the guanidinium group to the oxygen (Scheme 2).
A reliable pK a estimate for a peptide α-carbon is more difficult to obtain, though comparison with the α-carbon acidity of carboxylic acids suggests a pK a value in the range of 22-30 (29) . C α -acidification via carbonyl O-protonation is thought to be an essential factor in many enzymes that catalyze the abstraction of a proton from a carbon atom bonded to a carboxylic acid group (32) . For example, the α-carbon pK a of the keto tautomer of mandelic acid is 22, whereas in carbonyl-protonated mandelic acid, this value has been estimated to be as low as 7.4 (29) . Mandelate racemase achieves electrophilic catalysis by coordination of a magnesium ion to the carboxylate group. Another example is the enolase superfamily of enzymes, which performs α-carbon deprotonation on peptide substrates (33) . Here as well, the surprising acidity of the carbon acid is explained by protonation of the carbonyl oxygen, which decreases the pK a value of the α-proton to match those of active site residues (29) . In some enzymes, a magnesium ion fulfills the role of the electrophile (32, 34) , whereas in other cases, concerted acid/base chemistry has been proposed to avoid the formation of a charged intermediate (35) . In GFP, Arg96 may play a similar role as an electrophile.
Base catalysis in E222Q via formation of the Gly67 amide anion. In the E222Q variant, the rate of chromophore formation is depressed at physiological pH and accelerated at elevated pH (Table 1) . Base catalysis in this variant is most likely due to deprotonation of the Tyr66-Gly67 peptide bond (Figure 2) . The kinetic data indicate that the Gly67 amide nitrogen may titrate with a pK a of 9.2, a value that is entirely plausible based on the values reported for O-protonated acetamide (~ 7, see above). In GFP crystal structures, several ordered water molecules are localized in a pocket adjacent to the heterocyclic part of the chromophore (1), and likely equilibrate rapidly with external pH conditions.
Upon elimination of the Glu222 carboxylate, amide deprotonation may occur via interior hydroxide ions, consistent with specific base catalysis. Base catalysis by the Glu222 carboxylate anion. In the extremely slow-maturing R96M variant, the pH-rate profile for chromophore formation exhibits classic ionization behavior, consistent with titration of a protein group with an apparent pK a of 6.5 ( Figure 2) . The kinetic data suggest that the basic form of Glu222 may facilitate the cyclization reaction. Elevation of the pK a of a glutamic acid above that in small peptides, where it is 4.5 (30), is not unusual when the side chain is buried in a protein's interior. For example, the pK a of Glu35 in a lysozyme inhibitor complex has been reported to be 6.5 (31). If Glu222 plays a catalytic role in GFP peptide cyclization, it must be positioned in close proximity to the reacting atoms. In the three-dimensional structure of GFP-S65T (1), the carboxylate oxygen is 5.7 Å distant from the Gly67 amide nitrogen and 4.8 Å distant from the Tyr66 α-carbon. In the anaerobic precyclization structure, the respective distances are 6.1 and 4.1 Å (10). These distances are too large for direct hydrogen bonding. Therefore, the interactions may be mediated be one or two water molecules. Alternatively, the X-ray structures may reflect conformations that are not productive towards cyclization.
Mechanistic implications for EGFP chromophore biosynthesis. We propose that Glu222 functions as a general base in the mechanism of GFP chromophore formation by facilitating proton abstraction from the peptide backbone. As such, it may either facilitate the peptide cyclization reaction directly, or aid in the stabilization of a high-energy cyclized intermediate by catalyzing α-enolate formation (Scheme 2). The experimentally determined amide pK a of 9.2 in E222Q suggests that proton removal from the Gly67 amide nitrogen may be favored over deprotonation of the Tyr66 α-carbon, in accord with literature estimates of relative pK a values (see above). It remains to be seen whether this model holds for GFPs with intact catalytic residues, where the protonation equilibria of the Tyr66-Gly67 amide bond and the Glu222 carboxylic acid are likely linked in an anti-cooperative manner. In EGFP, the pK a of Glu222 is predicted to be lower than in R96M due to the positive charge of Arg96, about ~ 9 Å distant from the carboxylate (1). For this reason, the Glu222 side chain may be anionic over the pH range of 7 to 10, providing a plausible interpretation for the apparent lack of pH-dependence in EGFP maturation (Figure 2) .
If Glu222 fulfills the role of a general base in Ndeprotonation, proton transfer may be achieved by shuttling of the amide proton to the carboxylate over two water molecules (Scheme 2). Though several ordered water molecules are observed near the carboxylate in GFP X-ray structures, these waters are not positioned properly to fulfill such a role. To participate in N-deprotonation, solvent molecules must diffuse to within hydrogen bonding distance of the proton donor and the proton acceptor, as shown in Scheme 2.
Alternatively, Glu222 may accelerate the cyclization reaction by facilitating α-enolization. Geometric arguments support proton abstraction from the Tyr66 α-carbon via a water molecule that is polarized by hydrogen bonding to the Glu222 carboxylate (Scheme 2). In GFP X-ray structures, a crystallographically ordered and positionally conserved solvent molecule is hydrogen bonded to Glu222, and localized near van der Waals contact to the α-carbon of residue 66 (1, 2, 10, 12) . In the anaerobic pre-cyclization structure (10) , this water is modeled 3.3 Å distant from the carbon acid. This solvent molecule is well positioned at the appropriate face of the L-amino acid precursor for α-proton abstraction (Scheme 2). In addition, a trigonal planar Tyr66 α-carbon, formed upon enolization, is thought to pre-organize the peptide towards condensation by increasing the overall planarity of ring-forming atoms (20) . Concomitant with ring closure, the proton attached to the Gly67 amide nitrogen may be transferred directly to the carbonyl oxygen of residue 65 to generate the hydroxylated intermediate (Scheme 2, C α -deprotonation followed by N-deprotonation) (12) .
What factors limit the rate of EGFP maturation? The overall EGFP maturation rate, protein folding as well as all ensuing chemical steps, proceeds with a time constant of one hour (Table 1) . Control experiments indicate that protein folding does not contribute much to the observed rate constants (see Results). At physiological pH, EGFP maturation is clearly faster than the chemical steps of chromophore formation in E222Q. These data suggest that the Glu222 carboxylate may act as a general base to achieve the observed rate enhancement via transition state stabilization of an essential proton transfer reaction. Based on livecell experiments, air oxidation of a cyclic intermediate has been reported to limit the overall maturation rate in EGFP (3) (Scheme 1). Surprisingly, the rate of chromophore formation in E222Q is three to four-fold faster than in EGFP at high pH (Table 2) . If cyclization is the slow step in E222Q and oxidation is the slow step in EGFP (3), it follows that at high pH, the E222Q substitution must lead to an acceleration of not only cyclization but also oxidation, to be able to achieve the observed rate. A compelling hypothesis is that the combination of both processes, peptide ring closure and autooxidation, limit the EGFP maturation rate. According to this idea, ring oxidation may be responsible for stabilizing a high-energy cyclic intermediate (12) .
Conclusions. In this work, we have provided evidence that upon replacement of Glu222, the rate of chromophore biosynthesis can be accelerated several-fold at elevated pH. Clearly, significant rate enhancement is possible by manipulating the GFP active site, and the kinetics appear to depend on the strength of the base responsible for proton abstraction.
Understanding the details of the reaction mechanism should be useful in the rational design of fast-maturing GFPs for real-time monitoring of cellular processes such as promoter activity. pH-rate profiles for E222Q (red -□-), R96M (blue -o-) and EGFP (green -◊-) chromophore formation, plotted at different scales (left y-axis, R96M; right y-axis, EGFP and E222Q). Average pseudo-first order rate constants k obs ( Figure 1B ,C,D) are plotted against pH. Error bars are standard deviations as determined from three or four independent kinetic experiments (E222Q and EGFP), or as the error determined by the curve-fitting program from one independent experiment (R96M). The data for E222Q and R96M are computer-fitted to a kinetic expression for a base-catalyzed reaction that includes a preliminary equilibrium to form the conjugate base of an ionizable group (equation 2, see Results). Data points obtained for EGFP are connected by straight lines for visual guidance only.
Scheme 1.
Proposed mechanistic sequences for GFP chromophore formation. A. Cyclization-dehydration-oxidation mechanism. B. Cyclization-oxidation-dehydration mechanism. The mature green-fluorescent chromophore may exist in two different charge states in the protein, the neutral and anionic form.
Scheme 2.
Two alternate mechanisms for GFP peptide main-chain cyclization. Backbone condensation may be initiated by deprotonation of the Gly67 amide nitrogen, or by deprotonation of the Tyr66 α-carbon. Table 1 
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